T h e v ib r a tio n sp ectru m a n d m o lecu la r con figu ration o f cy clo h ex a n e The physical evidence for the structure of the cyclohexane molecule (X-ray, electron dif fraction, dipole moment, vibration spectra) is all in favour of the 'chair' configuration. The twelve vibration frequencies for the carbon skeleton of this model have been calculated, using a simple valency force field. There are eight distinct frequencies, four being doubly degenerate. The two force constants are evaluated from two of the Raman frequencies and used to calculate the remaining six frequencies. Five of these frequencies are found to agree with the observed frequencies to within 4% , while the sixth frequency is too low to be observed conveniently in the infra-red and is forbidden in the Raman spectrum. The value calculated (206 cm."1) for this sixth frequency is, however, consistent with the specific heat data. The selection rules are shown to be obeyed by the assigned frequencies. The value for the C-C stretching force constant, viz. 3*7 x 105 dynes/cm. is considerably lower than that for the same bond in ethane, viz. 4*5 x 106 dynes/cm., indicating a weakening of the C-C bond in cyclohexane relative to ethane.
I t is more than fifty years since Sachse (1890) first pointed out th a t it was possible for the cyclohexane molecule to exist in two configurations-the well-known£ chair ' and ' boat ' forms-without distorting the tetrahedral valencies of the carbon atoms. Later, in their work on the stereochemistry of certain cyclohexane derivatives, Perkin & Pope (1906) adopted a planar configuration for the cyclohexane ring, though this involved considerable distortion of the carbon valence angles (figure 1).
planar chair
In recent years several physical methods have been applied to the determination of the configuration of the cyclohexane ring and considerable evidence has accumu lated in favour of the ' chair' structure. Hassel & Kringstad (1930) investigated the crystal structure of cyclohexane a t -80° C and showed th at the results favoured the 'chair' configuration. Similar investigations by Dickinson & Bilicke (1928) on the crystal structure of hexachloro-and hexabromo-cyclohexane, and by Halmoy & Hassel (1932) on the crystal structure of 1 :4-diiodo-and 1 :4-dibromo-cyclohexane support this view. Lonsdale & Smith (1939) * however, found th a t an X -ray powder photograph of cyclohexane a t -180° C indicated the probable existence of a lowtemperature modification of lower symmetry. Pauling & Brockway (1937) showed th at the electron diffraction pattern for cyclohexane vapour was inconsistent with a planar configuration for the molecule, but their results did not distinguish con clusively between the 'chair' and 'b o a t' forms, though the theoretical intensity curves for the 'chair' form were in better agreement with the experimental curves. Similar conclusions were reached by Hassel & Taarland (1940) . Extensive measure ments on the dipole moments of cyclohexane derivatives have been carried out by Hassel (1934) . In particular the dibromo-and diiodo-derivatives of high melting point were found to have zero dipole moments, indicating th at the cyclohexane ring exists in a highly symmetrical form. Similar results were found for the corresponding dichloro-compound and for the hexachloro-derivative.
The different symmetry properties of the three structures enables one to dis tinguish between them by the different numbers of fundamental vibration frequencies active in the infra-red and Raman spectra in the three cases and further by differences in the states of polarization of the Raman lines. Langseth & Bak (1940) investigated the Raman spectrum of cyclohexane and concluded th a t their polarization data supported a planar configuration, but Kohlrausch & W ittek (1941) found an error in the polarization measurements and showed th a t the revised polarization data were consistent only with the 'chair' configuration. These measurements were subsequently confirmed by Gerding, Smit & Westrik (1942) . The infra-red spectrum of cyclohexane vapour has been examined by Rasmussen (1943) and the number of active fundamentals found to be compatible with the ' chair ' configuration only.
In this paper we have calculated the vibration frequencies of the ' chair ' structure using a simple valency force field, to determine whether a quantitative interpretation of the experimental frequencies can be obtained and to derive information con cerning the strengths of the C-C bonds in the molecule.
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The cyclohexane molecule is treated as a system of six equal mass points, i, j, l , m, n, each of mass m, situated a t the vertices of a puckered hexagon whose geometry is defined so th a t the angles y between adjacent sides are all tetrahedral, and the bond lengths s are all equal (figure 2).
Applying a valency force field to the molecule, the potential energy V may be expressed in the form K = J S faA+ i 2 cc&, a i where k = stretching constant of the C-C bond, c -C angle, qif = change in the bond length cc)k deformation constant of the change in the bond angle yjk. Assume th a t the system executes simple harmonic oscillations and substitute <la = t e n ) o e i v t and atk = tejk)oeivt equations in v2 are obtained whose roots determine the frequencies of the normal modes of vibration of the system. These equations are considerably simplified if we utilize the symmetry properties of the molecule.
Symmetry pr o per tie s
The symmetry elements of the 'chair' structure for the cyclohexane molecule consist of (a) a centre of inversion, (6) a principal threefold axis, (c) three equivalent twofold axes perpendicular to the principal axis, (d) three equivalent planes of symmetry intersecting in the principal axis, and are usually represented by the group symbol DM (figure 3).
This group consists of the following classes of symmetry operations: The symmetry properties of the various classes of vibration in this group are given in table 1.
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The symbols A x and A 2 refer to non-degenerate classes of vibratio denotes classes of vibration which are doubly degenerate. The subscripts g and u denote classes of vibration which are respectively symmetrical or antisymmetrical with respect to the centre of inversion. Non-degenerate vibrations must either be symmetrical (+ ) or antisymmetrical ( -) with respect to each of the symmetry operations, i.e. the displacements of the nuclei after the operation of a symmetry element must either remain unchanged or be reversed in direction. Doubly degenerate vibrations may be symmetrical or antisymmetrical with respect to certain symmetry operations, but are transformed in a special manner by the remaining symmetry elements. The two components of a degenerate pair are mutually orthogonal, i.e. £<«£«> = 0, where mi = mass of the ith particle, £ia, = displacement vectors of the ith particle in the component vibrations, and may be selected in an infinite number of ways. The degenerate pair will be chosen so th at one component is symmetrical and the other antisymmetrical with respect to one of the planes of symmetry. This is denoted in table 1 by the symbol ± . The two components then behave in a similar manner with respect to the twofold axis a t right angles to this plane of symmetry. W ith respect to rotation about the threefold axis, the two components transform according to the equations Vibration spectrum and configuration of cyclohexane 249 where £,' ia, £'ib denote the displacement vectors after rotation. This is denoted by the symbol e120. The symmetry operations 2 S 6 are s formation ± e60.
The geometrical forms of the normal vibrations may now be derived using the above symmetry properties and the principle th a t every pair of normal vibrations must be mutually orthogonal. These are given in figure 4. There are no ring vibrations in the class A 2g. Expressing these vibrations in terms of q the change of bond length and a the change in the C-C-C angle, the sets of symmetry co-ordinates given in figure 5 are obtained.
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Figure 5 V i b r a t i o n e q u a t i o n s
By substituting the appropriate symmetry co-ordinates into the equations for qti and a,jk (equations (1) 
E x p e r im e n t a l
We have investigated the infra-red absorption spectrum of cyclohexane vapour in the region 1500 to 500 cm.-1 using a Hilger D 209 double beam spectrometer with rock salt and potassium bromide prisms. The cyclohexane used was a specially pure sample obtained from I.C .I., Billingham. The length of the absorption path c y c lo h e x a n e +1% b en zen e 0*13 mm.
mm.
671 667 frequency cm. was 25 cm. and the vapour pressure of cyclohexane 88 mm. The spectrum obtained was in good agreement with the earlier curves published by Kettering & Sleator (x933) and Rasmussen (1943) , except th a t we did not observe the absorption band a t 14*85/t (673*4 cm.-1) recorded by the former authors. This band is possibly due to a small amount of benzene impurity, as it agrees in position and contour with a strong benzene band recorded by Kettering & Sleator (1933) . We have also measured the infra-red absorption of cyclohexane in the liquid state using an absorp tion path of 0*05 mm. The principal frequencies agreed with those observed in the vapour, but additional weak bands were observed a t 1350,1158,1110, and 524 cm.-1. Again we observed no band a t 673*4 cm.-1. By increasing the absorption path to 7 mm., we did, however, observe a weak band in this region a t 667 cm.-1. That this was not due to a small amount of benzene impurity was shown by comparison with a spectrum of cyclohexane to which 1 % benzene has been added (figure 6). I t is certain th at the position and shape of the cyclohexane absorption differs markedly from th at of benzene in this region.
No measurements have been made on the Raman spectrum of cyclohexane vapour, but the Raman spectrum of the liquid has been investigated by Langseth & Bak (1940) , Kohlrausch & W ittek (1941) and Gerding, Smit & Westrik (1942) . The infra-red and Raman frequencies below 1500 cm.-1 are listed in table 2, the figures in brackets giving the relative intensities of the bands. 
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A s s i g n m e n t o f f u n d a m e n t a l s
The forty-eight normal modes of vibration of cyclohexane may, to a first approxi mation, be divided into the following groups: 12 C-H stretching vibrations, 6H-G-H bending vibrations, 6 C-C stretching vibrations, 6 C-C-C bending vibrations and 18^>CH2 rocking and twisting vibrations. The symmetry classes of these vibrations, assuming a 'chair' configuration with symmetry Du , have been discussed by Rasmussen (1943) and are given in table 3. The frequency ranges for the various types of vibration and the infra-red and Raman selection rules are also given. I t should be noted th a t no frequency is permitted to appear both in the infra-red and the Raman spectrum as this model has a centre of symmetry. The weak frequency a t 1110 cm.-1 observed in the infra-red spectrum of the liquid but absent in the spectrum of the vapour is probably the inactive class A lu fundamental appearing in violation of the selection rules. I t is interesting to note th a t two of the other additional weak bands observed in the spectrum of the liquid, viz. 1158 and 1350 cm.-1, coincide with frequencies permitted in the Raman spec trum. A breakdown of the selection rules in the liquid state is well known.
The depolarized lines in the Raman spectrum a t 1029 and 426 cm.-1 lie close to the frequencies calculated for the class E lg vibrations. Confirmation of the degener acies of these frequencies is afforded by the Raman spectrum of cyclohexane-dx investigated by Langseth & Bak (1940) . Each of these frequencies is found to be split into two components, due to the reduction of the symmetry of the molecule by the introduction of the deuterium atom.
The infra-red frequency a t 903 cm.-1 agrees closely with the frequency evaluated for the class E lu stretching vibration, but direct confirmation of the degenerate bending frequency in this class has not been possible owing to the experimental difficulty of measuring infra-red frequencies lower than 300 cm.-1. A value of 210 cm.-1 for this frequency has been derived from specific heat measurements by Aston, Szasz & Fink (1943) , but the agreement with our calculated value of 206 cm.-1 cannot be regarded as confirmatory evidence owing to the drastic assumptions regarding the magnitudes of the 18/>CH2 rocking frequencies made by these authors. However, it is significant th a t in the closely related molecules tetrahydropyran, 1 :4-dioxane and trioxane, a Ram an frequency has been observed in each case by Kahovec & Kohlrausch (1937) in the region 200 to 250 cm.-1.
The assignment for the class A 2u frequency is less certain. We have been unable to detect any absorption in the region of 691 cm.-1 in the infra-red spectrum of the vapour or in the spectrum of the liquid using an absorption path of 0*05 mm., but there is always the possibility th a t this fundamental is exceptionally weak in absorption. We therefore investigated the absorption of a 7 mm. layer of the liquid in this region and found a weak band a t 667 cm.-1. We have shown (figure 6) th a t this band is not due to benzene impurity and hence may be the weak fundamental required.
This completes the assignment of the skeletal frequencies which we have com puted, and it is not profitable to attem pt a fuller interpretation of the cyclohexane spectrum. This cannot be done until the spectrum has been investigated using very high resolving power, and due consideration has been given to the theory of the hydrogenic frequencies. However, it should be possible to interpret all frequencies below 700 cm.-1, and the only one which we have not yet accounted for is the weak infra-red band a t 524 cm.-1. This is most probably the difference band (903-384) cm.-1.
We have also considered whether the available evidence on band contours is consistent with our assignments. The 'chair' form of cyclohexane is a symmetrical top molecule. Assuming values of 1-09 and 1*54 A respectively for the C-H and C-C interatomic distances, the moments of inertia are According to the formulae of Gerhard & Dennison (1933) , this means th at the parallel bands should have a P -B doublet separation of 22*5 cm.-1 a t 15° C. The perpen dicular bands should also have & P, Q, R structure in which the P -R doublet separa tion is decidedly smaller. I t is not possible to give this separation precisely from their curves, and in addition it must be remembered th at Gerhard & Dennison (1933) took no account of Coriolis's interaction in the perpendicular bands, so th a t their calculations are only qualitatively correct for many perpendicular bands. The only infra-red band in our assignments which has been observed in the vapour state is th a t a t 903 cm.-1. This should be a perpendicular band and so would not be expected to show a doublet separation of 22i5cm.-1. This is consistent with the existing experimental data.
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The value for the stretching constant of the C-C bond in cyclohexane obtained above, viz. 3*7 x 105 dynes/cm., is seen by reference to table 5 to be considerably lower than any of the values obtained by various authors for ethane. Differences in force constants of bonds in polyatomic molecules must be interpreted with caution, as the bond-force constant may vary appreciably with the potential function employed. However, we believe the difference observed here to be a real one and to indicate a weakening of the C-C bond in cyclohexane compared with ethane, since (a) the difference is much greater than the variations in the ethane constant found by using different functions, and (b) the function we have used contains no inter action terms (which usually alter bond constants appreciably) and yet gives a very satisfactory interpretation of the skeletal spectrum. Dr A. D. Walsh has pointed out to us th a t additional confirmation of our conclusion is provided by the fact th a t the ionization potential of cyclohexane is considerably less than th a t of ethane (Walsh 1946) . I t is interesting to note th a t the value for the deformation constant of the bond angle is very much lower than th a t given by Eliashevich & Stepanov (1941) for propane and w-butane. Although the assumption made by these authors th a t the C-H and C-C force constants in propane and ro-butane are the same as those in ethane is not entirely justified, the difference between our value and theirs is too great to be explained as other than a real effect. I t would appear, therefore, th at the decrease in the C-C bond stretching force constant on cyclization of a saturated hydrocarbon
